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Introduction
Ferroelectrics are a group of materials that possess the unique chemical property of being
able to switch their electrical polarity when exposed to an electric field. This property makes
ferroelectrics a promising field of study with the potential to impact various future technologies
including information and energy storage (ferroelectric capacitors store RAM), as well as quantum
mechanics.1 In recent years, problems with Raman spectroscopy, such as fluorescence, and poor
reproducibility have been overcome to create new ferroelectric applications in the fields of
biotechnology, environmental monitoring, forensic science, clinical chemistry, pharmaceuticals
and material science.2 Continued research into the properties of ferroelectric materials may yield
more numerous and influential uses for these materials across science and industry.
This report presents the recrystallization of organic compounds and subsequent analysis of
the purified crystals using X-ray diffraction, vibrational spectroscopic methods and electronic
structure calculations. Benzimidazoles, a diverse group of heterocyclic aromatic compounds, often
vary strongly in their ferroelectric and anti-ferroelectric properties, mainly due to their differing
molecular structures. However, it is generally believed that the imidazole ring, due to its high
dipole moment, can act as both a proton donor and acceptor from the parallel N—H bond.3 The
amphoteric nature of transfer of electrons from the imidazole ring contributes to the shifting
electric polarization of benzimidazole molecules under varying environmental conditions.
Analysis included subjecting the crystals to spectroscopy to observe important electric
polarization properties of these crystals. The organic compound analyzed for this study was
trifluoromethyl benzimidazole (TFMBI), which in past studies exhibited results in polarizationelectric field that indicate it has anti-ferroelectric properties.4 The behavior of individual TFMBI

molecules under varying environmental conditions may explain why TFMBI exhibits these
properties, while other benzimidazoles exhibit opposite ferroelectric activity.
X-ray diffraction was first used to determine the molecular structure within the TFMBI
crystals. Raman spectroscopic data was then accumulated. The experimental Raman spectra are
compared to the theoretical Raman spectra found using Crystal 17 software5 to ensure that the data
is accurate. If so, the peaks shifting to higher or lower frequencies with the fluctuation of
temperature in the Raman data are then compared to the vibrating bonds of the molecule generated
in the Jmol software6 to predict which peaks correspond to which bonds. Finally, when each bond
is matched to a peak in the spectra, the Gaussian software7 electron density is used to make
predictions about how the electron density is transferred from or to the N—H bond from other
bonds making up the TFMBI molecule, and how this density transfer correlates with dielectric
properties that TFMBI exhibits at different temperatures.
The main purpose of the study was to understand how the intramolecular changes that
TFMBI undergoes under varying temperatures relate to intermolecular interactions between these
molecules, and how both variations together lend to anti-ferroelectric activity of TFMBI crystals.
Dielectrics and Anti-Ferroelectrics
A capacitor is a 2-terminal device designed to store electric charge and energy in the form
of an electric field. Capacitors are found in almost all circuits and are particularly useful because
they can store small but useful amounts of energy. A capacitor consists of two metal plates
separated by a non-electric conducting material called a dielectric (Figure 1). Under normal
circumstances, the two metal plates are neutral because they have equal amounts of protons and
electrons. When hooked up to a battery, however, the plate hooked up to the positively charged

cathode deposit electrons into the wire of the circuit while the negatively charged anode deposits
electrons into the wire to be added to the surface of the other metal plate. Eventually, the plate
giving up electrons has a net positive charge, while the plate gaining electrons has a net negative
charge. Placing a dielectric between the two plates causes the molecules of the dielectric to become
polarized in a way as to orient their positive side towards the negatively charged plate, and their
negative side towards the positively charged plate to cause an even greater flow of electrons and
further charge separation in the capacitor (Figure 2). This separation of positively and negatively
charged particles is energy storage. Once the battery is replaced with a load, the flow of electrons
back from the negatively charged plate to the positively charged plate powers the device requiring
energy to operate.

Fig. 1. Capacitor Model, see source 27

Fig. 2. Polarization of Dielectric Molecules, see source 28

A material polarizes, and subsequently depolarizes (a phenomenon called hysteresis) with
the fluctuation of the electric field created by the oppositely charged parallel plates of a capacitor.8
The points at which hysteresis occurs determines how well a material can act as a dielectric. A
material that polarizes and depolarizes with stronger electric fields allows a capacitor to have larger
charge separation, and therefore, store more electric potential energy. Anti-ferroelectrics typically
undergo hysteresis at higher electric field strengths that both ferroelectrics and magnetic materials,

making them very effective dielectrics. Despite having great potential, anti-ferroelectric materials
have been scarcely used in capacitors up to this point due to scaling problems. 8 However, with
continued research and insight into these materials, the scaling problems are gradually being
overcome. Understanding the behavior of molecules of anti-ferroelectric materials when exposed
to an electric field could therefore be important in employing them in future technologies.
X-ray Diffraction
The first analytical test being performed on the
crystals of interest is X-ray diffraction (or
crystallography). X ray diffraction has origins in
the double slit experiment. The width of slits and
wavelength of visible light in the double slit
Fig. 1. Schematic Representation of the
Bragg Equation, see source 23

experiment were approximately the same,
producing an interference pattern that could be

used to determine the wavelength of specific colors of visible light. To use the diffraction method
to analyze 3-D physical materials (in a crystalline state), light with a wavelength like the distance
between individual atoms in a structure would be required.9 X-rays, with a wavelength of
approximately 10-10 nm, satisfied this purpose. Based on the diffraction pattern from X-ray
diffraction, the distance between atomic layers and electron densities of the various chemical
components within a crystal can be determined using Bragg’s Law Equation for constructive
interference (Figure 3).

X-ray diffraction/crystallography are done using an X-ray diffractometer. 3 major components are
required to generate X rays:
1. A source of electrons
2. Means of accelerating those electrons to a
high speed
3. Target material (sample) to interact with
those fired electrons
Figure 4 presents the internal set up of a
standard X ray diffractometer.

Fig. 4. Internal X-Ray Diffractometer, from the
Siemens manual for the D5000 diffractometer

The source of X rays in a diffractometer is an X-ray tube. Within the X ray tube, the source of
the electrons is a filament, which when heated releases electrons. By running high voltage through
the X ray tube, these electrons are accelerated to higher velocities. The electrons moving at high
velocity strike a metal target, usually Tungsten or Copper. These free electrons interact with the
nucleus of the Tungsten atom, giving up some of their energy in the form of radiation in the
process. This energy is released as X-radiation, commonly known as X-rays.10
The X rays pass through a matched filter to only allow the specific K-α portion of the
radiation to pass through.11 Collimators focus the X-ray beam in the direction of the crystal sample.
For the purposes of this experiment, powdered X-ray crystallography was used, a process in which
the X-ray strikes a powdered sample of the crystal. The angle at which the X-ray reflects off the
sample is compared to the incident angle of the X-ray beam by a specialized program (GSAS12 in
this study). The basis for these calculations is the Bragg’s Law Equation, given as Equation 1:
nλ=2dsinϴ

(Eq. 1)

Where n is a constant “order” of reflection, λ is the wavelength of the incoming X ray, d is the
distance between layered planes of atoms in the crystalline structure, and ϴ is the incident angle
of incoming light.9 By finding the d between planes of atoms and comparing the angle of reflection
vs angle of incidence of the X ray beam, the program GSAS can index the data through a preestablished database of 2ϴ angles that could be obtained from random orientation of the powdered
material. The program will find the highest probability crystal structure of the given sample based
on this data.
The electron density and movement of electrons of atoms in the sample is essential in
determining the strength of the diffraction signal that will be detected. In general, the higher the
electron density of an atom (in other words, the more electrons an atom has), the stronger the
diffraction signal the detector will receive. Using this principle, the specific atom can be identified
along with its structure in relation to other atoms in the crystal. The biggest disadvantage of X-ray
diffraction is that because it relies on electron densities to identify atoms of the crystal, atoms with
very low electron densities give off very weak diffraction signals that are difficult to detect. For
this reason, hydrogen atoms, with a single electron, give off such a weak signal that it is almost
impossible to detect these atoms using this method.13
X-ray diffraction data provides information regarding the distance and electron densities
of the atomic/molecular components of a crystalline compound. Raman spectroscopy indicates the
orientation of bonding in the molecular structure as well as the exact locations of hydrogen atoms
that cannot be determined by diffraction. By comparing the data between these 2 techniques, the
exact structure of the crystal, in this case TFMBI, can be determined, and the structure can be used
to understand the material’s changing intramolecular structure.

Raman Spectroscopy
Raman spectroscopy, the focus of this
study, is a technique that measures the
vibrational,

rotational,

and/or

other

movement of atoms and bonding in a
molecular system, as well as symmetry of
atoms in a molecule.2 As light from a laser
Fig. 5. Raman Spectroscopy, see source 24

strikes the crystal, the electrons are excited to an
energized virtual state. Almost immediately, the electrons of the atoms release the absorbed
energy, re-entering their original energy state. This energy released is known as Rayleigh
scattering (elastic scattering). However, a tiny portion of the electrons do not return to their original
energy state, rather absorbing lesser amounts of photon energy and remaining at a slightly higher
energy state than the original. The incomplete amount of light released from these electrons is
called Raman scattering (inelastic scattering).14 A visual schematic in Figure 5 shows the
difference between both types of scattering.
Raman scattering is used in this study to determine the adjustments in crystalline structure
of the sample. As laser light is shined on ferroelectric materials, both the physical structure and
electrical polarity of the sample are in constant flux.15 The Raman scattering, as a result, fluctuates
and these fluctuations can be measured to determine the specific way in which the physical
structure and electrical polarization of the sample changes.
In this study Raman spectroscopy is performed using a Raman spectroscopic microscope.
The Horiba XPloRa Plus Raman Microscope was used for this study. The set up of a classic Raman

spectrometer is shown in Figure 6. The light source generally
used is a laser with a specific wavelength set by the operator
prior to Raman probing. The light beam is focused on a Notch
filter, which initially reflects the laser beam to the sample.
Resulting Raman scattering from the sample is reflected onto
the Notch filter, which is attenuated as to only allow light with
Fig. 6. Raman Spectrometer Configuration,
see source 25

a different wavelength than the incident (source) beam to pass

through.16 This ensures that only Raman scattering is allowed through and Raleigh scattering,
which has the same wavelength as the source beam, does not reach the detector for analysis. After
passing through the filter, the Raman scattered light reflects on a mirror and enters the
monochromator. The monochromator has microscopic gratings that split the large beam into many
narrow bands of light exhibiting different wavelengths.16 From only one of these beams, photo
current is generated as it enters the charge coupled device (CCD), and the amount of photo current
determines the intensity of the Raman scattering.
The Raman spectra is displayed as a graph of intensity of measured scattering (y-axis) vs
Raman shift (x axis). Raman shift is defined as the difference in frequency between the Raman
scattered light and that of the incident beam. It is an independent variable measured in cm-1.
Raman spectroscopy under different conditions requires various set up parameters.
Integration time indicates how long a single spectrum is recorded. The longer the integration time,
the higher the intensity of measured signal. A long integration time can increase the signal to noise
ratio in data, leading to higher intensity data, with reduced background noise. Increasing
integration time also increases noise, but since more spectroscopic data is taken, and then averaged,
the ratio of intensity to noise increases, yielding better defined data. It is important to note that if

the integration time is too long, the sample may become oversaturated or damaged, thus changing
the sample and Raman spectra signal.17 Laser power is a given percentage, ranging from less than
1% to 100%. The laser intensity depends on the sample being analyzed. For this experiment, 25%
and 50% intensity were used. It is also very important to use the appropriate laser intensity for a
sample. At percentages that are too high, the sample may be oversaturated or burned, once again
changing the sample and Raman signal. The spectrometer can measure the intensity of Raman
spectra for samples between the range of 173 cm-1 to 4000 cm-1, but this range can be adjusted
using the computer to only measure a part of this range if needed.
The Raman spectroscopy was measured for the crystal in 3 different orientations:
Horizontal-Horizontal, Vertical-Vertical, and Vertical-Horizontal. By measuring the shift in
Raman scattering in these 3 orientations, and comparing the results, it is then possible to determine
the direction in which the bond is changing length. Basically, the areas of Raman shift where
Raman scattering has the greatest intensity (the largest peaks) in each orientation will indicate how
much the bond is fluctuating in that direction. Based on these results, we can discern both the
magnitude and direction of bond movement. Along with this, by measuring the Raman shift at
various temperatures, it is possible to see whether the bond is shifting to a higher or lower
frequency. Generally, a gradual shift to a higher frequency as a function of changing temperature
would mean that the bond gets stronger and shorter. Conversely, a shift to a lower frequency would
mean the bond gets weaker and longer.18 All this information collectively tells us both the
magnitude and direction of bond shifting as a function of temperature.
Program-Based Calculation
Crystal 17 and Jmol, as well as Gaussian programs were used to gather data regarding the
vibrational frequencies, and electron densities of the atoms in the molecule, respectively.

The vibrational frequencies obtained from Crystal 17 were needed to construct the
theoretical Raman spectra of the TFMBI molecule. By building the molecule in the program itself
(parameters obtained from GSAS), the program performs theoretical optimization frequency
calculations to predict how the individual atoms that make up the molecule will vibrate at room
temperature (298 K). Thus, the expected location of Raman spectra peaks can be matched up with
the experimental data to ensure that the experimental data is accurate and identify any unexpected
peaks that may arise (likely from impurities or external interference). This program was run
simultaneously while Raman data was being taken. The output file of Crystal 17 was input into
the next program, Jmol.
Jmol was employed to draw 3D molecular structures of TFMBI and subject these structures
to simulated vibration. The movement of bonds could be observed and compared to theoretical
Crystal 17 Raman spectra to determine which bond corresponds with which peak. The peak
corresponding to the vibrating N—H bond demonstrates the changes in strength and length
(inversely proportional quantities) the bond undergoes under different temperature conditions.
From Crystal 17 and Jmol results together, the regions of interest on the Raman spectra for the
N—H bond and imidazole ring changes were identified. This narrowed down the peaks for analysis
in the experimental Raman spectra later. Jmol would also be used after Gaussian to see if Raman
spectroscopy observations could be explained in terms of electron density shifting in the TFMBI
molecule.
Gaussian is a computational chemistry program. X-ray diffraction data was analyzed using
GSAS, as stated above. The molecular structure derived from GSAS could then be built in
Gaussian, and the electron densities within the molecule could be calculated. Since the location of
the N—H bond of interest is known, the electron density in this region should increase or decrease

with vibration. Due to the Laws of Conservation of Matter and Energy, if the density fluctuates in
this region of the molecule, the electron density must be channeled to another bond nearby.4 Thus,
by knowing the high and low electron density regions of the molecule, the bonds where the electron
density of the N—H bond may go can be inferred.
Fundamentals of Hydrogen Bonding
Although the concept of the Hydrogen bond is often generalized to be a covalent bonding
interaction, it is important to note that an H-bond is not a “real” chemical bond. Rather, it is an
intermolecular interaction between an H atom, and another more electronegative atom such as
Fluorine, Oxygen or Nitrogen.19 The H bond can be modeled as X—H—A, where A is considered
the proton acceptor, and the X—H group is considered the proton donor. A single donor can
interact with 1 or more acceptors simultaneously, depending on the complexity of the bond.20
Multiple forces contribute to the energetics of H bonds. Electrostatics, polarization, charge
transfer and dispersion all contribute to H bond dynamics.19 Due to the variety of unique forms
(strengths and distances) H bonds can take, different contributing forces have more influence than
others depending on the environment in which the bond is formed. For example, H bonds can be
dominated by electrostatics at long distance, while at shorter distances, there is considerable charge
transfer influence as well.20
For this study, we observed H bonds in crystalline structures. Anti-ferroelectrics when
exposed to an electric field have layers of molecules orient themselves in opposite directions to
one another. This antiparallel arrangement of molecules is what causes the unique hysteresis
pattern for anti-ferroelectric crystals. One way to better understand the antiparallel arrangement of
molecules at the microscopic level is to observe behavior of the bonds in response to changing

environmental conditions. Intermolecular interactions such as H bonds are therefore vital in
relating microscopic molecular behavior to the anti-ferroelectric properties of TFMBI. Figure 7
shows the layered anti-parallel arrangement of TFMBI molecules, and the resulting Hydrogen
bonding interactions between molecules.

Fig. 7. Anti-Parallel TFMBI Molecule Arrangement and Hydrogen Bonding Interactions, see source 4

Trifluoromethyl-benzimidazole (TFMBI)

Fig. 8. TFMBI 2D Structure, see source 26

Fig. 9. TFMBI 3D Structure, see source 26

A 2D structure and 3D structure of TFMBI are provided in figures 8 and 9, respectively. The H
bond present at the Nitrogen (N) is circled in both figures. This H bond is thought to contribute to
the anti-ferroelectric properties of TFMBI through the movement of electron density between the

NH bond and the nearby imidazole ring or benzene ring. This causes a change in electrical
polarization of TFMBI, lending to antiferroelectric behavior by the compound as a whole.21
Experimental Design
Trifluoromethyl-benzimidazole (TFMBI) was the first compound to be analyzed. Powder
X-ray diffraction of the compound was taken, followed by Raman spectroscopy. The Raman
scattering by TFMBI crystals was also measured at various set temperatures: 123 Kelvin (-150°C),
173 K (-100°C), 223 K (-50°C), 273 K (0°C), 298 K (25°C), 333 K (60°C) and 363 K (90°C). This
temperature range was used because any temperature higher than 363 K melted the crystal and
made it unsuitable for analysis. 123 K was the lowest temperature reached by the cooling
apparatus. The experiment was done under variable temperatures to understand the effect of
temperature on the inter- and intra-molecular interactions between TFMBI molecules, and in turn,
how that affects the strength of the H bond of interest (N—H bonding).
The condition of varying temperatures was chosen as it is well known that temperature
causes molecules to vibrate, but varying temperature causes the molecule to vibrate at different
intensities. To explain the antiferroelectric properties of TFMBI crystals with the polarization of
individual TFMBI molecules, observing electronic polarizability (electron density shift) of
molecules as they vibrate is essential. Varying temperature is the easiest way to induce this
vibration with the given Raman microscope apparatus.
X-Ray Diffraction Results
Specifically, for this experiment, X-ray powder diffraction (XRD) was conducted. In this
process, the crystallized compound, TFMBI, was ground up into a fine, homogenized powder. The
sample was loaded into an X-ray diffraction machine and subjected to X-ray exposure. Upon

Fig. 10. Comparison of Theoretical and Experimental X-ray Diffraction Data to Determine Structure of TFMBI

detection, GSAS indexed pre-established TFMBI crystal structures, to give the most probable
structure of the crystals within the powdered form. The structure was stored in a crystallographic
information file, simply known as “.cif”. Figure 10 is the graph showing the calculated results of
the .cif file for the synthesized TFMBI sample, in blue. Based on the difference of the angle at
which X-rays are reflected, the peaks generated indicate the layering, and geometry of each unit
cell (individual crystal). In red is the calculated/theoretical XRD pattern for TFMBI. By comparing
both XRD graphs (Figure 10), it was determined that TFMBI was pure, and future Raman
spectroscopy could be performed on the sample.

Program-Based Calculation Results for Crystal 17 and MATLAB
As stated earlier, after XRD results were completed, the structure of the molecule was
discernable. The next step involved performing computational chemistry calculations to determine
the theoretical Raman spectra of TFMBI at 298 K (room temperature). By doing so, it would be
easier to identify the peaks corresponding to certain bonds in the molecule. Simply put, the
distinctive locations of certain peaks, as well as their shape would help determine which parts of
the experimental Raman spectra to look at once this data was collected. The program used was
Crystal 17. Crystal 17 requires the input of various parameters regarding the structure of the
crystal, such as the basis sets, atomic coordinates, lattice structure etc. Some of this information
about TFMBI structure is obtained through the .cif output file from XRD. Any information not
given by the .cif file for TFMBI was found using pre-established databases provided on the Crystal
17 developer website. The method input used in the Crystal 17 software is Density Functional
Theory, commonly known as DFT, a quantum mechanical modelling method.22 Upon plugging in
necessary parameters, the Crystal 17 output file coordinates were plugged into MATLAB to yield
a theoretical Raman spectrum.

Fig. 11. Comparison of Crystal 17 Theoretical Raman Spectra and Experimental Raman Spectra for the imidazole ring at 298 K
in the horizontal direction

In Figure 11, red is the theoretical imidazole ring spectra in the horizontal direction, and by
comparing shape, determined to be part of the experimental spectra corresponding to this peak (in
blue).

Fig. 12. Comparison of Crystal 17 Theoretical Raman Spectra and Experimental Raman Spectra for the imidazole ring at 298 K
in the vertical direction

Figure 12 shows the comparison of the shapes of the calculated (red) and experimental (blue)
spectra for the imidazole ring using a VV filter. The shapes of both peaks match closely as well.
The shape of the distinct peak pattern for the imidazole ring from 950 to 1050 cm-1 in both
the horizontal and vertical directions of both theoretical and experimental data matches, so the
correct peak for imidazole was identified in this region.

Fig. 13. Comparison of Crystal 17 Theoretical Raman Spectra and Experimental Raman Spectra for the N--H bond at 298 K in
the horizontal direction

The theoretical NH bond spectrum in the horizontal direction output by Crystal 17 is shown red in
Figure 13. Although the shape of the blue experimental peak does not match perfectly with the red
peak, the position of the N—H Raman spectra peak near 3050 cm-1 is distinctive and does not
overlap with any other bond. Thus, the peaks correspond, despite improper shape.

Fig. 14. Comparison of Crystal 17 Theoretical Raman Spectra and Experimental Raman Spectra for the N--H bond at 298 K in
the vertical direction

Similar results are seen in Figure 14, where VV peaks for N—H in theoretical and experimental
data do not match in shape but are correlated due to their unique Raman shift location.
The theoretical and experimental data for the N—H bond exhibit the same distinctive
position properties, despite having different shapes, meaning that this peak represents activity of
the N—H bond.
Raman Spectroscopy Results
Raman spectroscopy was then conducted on the purified TFMBI crystals. As stated earlier,
the temperature was varied during these measurements. Intensity of the Raman spectra was
measured as a function of Raman shift (in cm-1).

Imidazole Ring
Figure 15 displays the HH signature for the imidazole ring. Within the area of interest (in the rectangle),
the peak shifts right as the temperature decreases, corresponding to an increase in Raman shift
(frequency of waves of the Raman spectra). The intensity of the Raman scattering also visibly
increases, first by increments of 1000 counts for every 30°C drop in temperature approximately, but
later 1000 counts for every 50°C drop in temperature.

Fig. 15. Temperature Dependent Raman Spectra of Imidazole in the Horizontal Direction

Figure 16 is the Raman spectra presenting the vertical movement of the double bond for the
imidazole ring. There are 2 distinct peaks visible in this spectra, and both peaks shift to higher
frequencies (to a higher Raman shift) and intensities as temperature falls. Temperature drops of
50°C seem to correspond with intensity increases of 500 counts.

Fig. 16. Temperature Dependent Raman Spectra of Imidazole in the Vertical Direction

N—H Bond
For the HH signature of the NH bond, no peak was visible in the spectrum. The effect of decreasing
temperature cannot be assessed well. These results show that very little Raman scattering is
attributed to the NH bond in the horizontal direction, since no peaks can be detected in the spectra.

The VV signature for the NH bond is presented in Figure 17. The peak shifts to a lower Raman
frequency as the temperature decreases. At the same time, the intensity of the Raman scattering,
as with imidazole, increases by 1000 counts for every 50 °C drop in temperature.

Fig. 17. Temperature Dependent Raman Spectra of N—H in the Vertical Direction

Gaussian Electron Density Mapping Results and Comparison
Now that the experimental and theoretical Raman spectra data have been compared, these
findings can now be explained using electron density. As a function of temperature, and Law of
Conservation of Energy and Matter, as bonds move, they weaken (lengthen) and strengthen
(shorten). As a result of movement, electron densities shift between the various bonds of the
molecule. After finding where electron densities shift, the electron density of the non-moving
molecule must be mapped. Based on the mapping of electron density, and the orbitals where the

electrons of the bonds lie (bonding vs antibonding), findings from Raman spectra can be validated.
Mapping of electron density is done by the Gaussian computational program.
The areas in red and green in the Gaussian
mapped electron density Figure 18 shows areas
where HOMO is a bonding orbital. The empty
spaces between the density lobes are termed
nodes and signify areas where the HOMO is an
anti-bonding orbital. Knowing whether the
HOMO is a bonding or anti-bonding orbital is
important, as this will explain whether density
must be channeled into or out of a bond to

Fig. 18. Gaussian Electron Density Map of TFMBI

strengthen or weaken it. If electron density is channeled out of a bonding orbital, the bond with
lengthen and weaken, whereas added electron density will cause the bond to shorten and
strengthen. In an anti-bonding orbital, the opposite is true. Therefore, understanding where the
electron density moves within the molecule when subjected to different temperatures in relation to
bonds can explain the Raman data.
Shown by the yellow arrow in figure 18 is the electron density lobe for the N—H bond of
interest. The Raman data indicates that in a crystalline structure, as temperature is varied, the bond
frequency shifts to higher and lower frequencies. This change in frequency as a function of
temperature corresponds with the shift of electron density into and out of the HOMO orbital of
this bond. The electron density changes in this electron cloud correspond to changes in the other
electron density lobes as well (labelled by the pink arrows). As the N—H density is altered, this

electron density is channelled into or out of the other three density lobes, causing them to distort
in shape.
This conclusion is backed up by TFMBI images generated using the Jmol program.
Specifically looking at images from 1052.5 and 2998.36 cm-1 in Figures 19 and 20, the movement
of the N—H and other parts of the TFMBI molecule can be observed at the same time.

Fig. 19. TFMBI Jmol Image at 2998.36 cm-1

2998.36 cm-1
In Figure 19, the N—H bond is the only bond that exhibits any stretch. This lengthening of the
N—H bond means that the bond is weakening, and therefore, electron density is being channelled
out of its electron density lobe. Since no other parts of the molecule show any movement, it is not
clear from this figure where the lost electron density goes. To do so, the other frequency of interest
from the Raman spectra must be analyzed.

Fig. 20. TFMBI Jmol Image at 1052.5 cm-1

1052.5 cm-1
In Figure 20, the N—H bond exhibits a large stretch. This is expected, but the point of interest is
where the electron density that is channeled out of this lobe goes. Based on observation of Jmol,
the benzene ring bonds all exhibit significant stretch or compression, meaning electron density in
this part of the molecule is changing significantly. The 2 larger lobes at the bottom of Figure 18
gain electron density, while the lobe for N—H in the upper left-hand corner loses density. The
lobe in the imidazole ring in the upper right-hand corner (the imidazole double bond) is unaffected.
Discussion
From the Raman spectroscopy data, the results for Raman shift in both bonds of
interest, the imidazole double bond and NH, seem to correspond with one another. According to
the Raman data for the imidazole double bond, in both the vertical and horizontal directions, the
amount of energy the bond holds seems to increase as temperature decreases. It can be presumed
that since the bond shifts to higher Raman frequencies, the bond strengthens and shortens. This is
attributed to the channeling of electron density into the bond from another part of the TFMBI

molecule. Therefore, electron density may be channelled into the imidazole ring as temperature
cools.
The N—H region of interest, conversely, showed a shift to lower frequency with cooling,
meaning it lengthens and weakens. This implies that electron density shifts out of the N—H to
another part of the TFMBI molecule. Altogether, Raman data suggests that electron density
channels from the N—H bond into the imidazole double bond.
This conclusion, however, is only partially backed up by evidence from the Gaussian and
Jmol data. Gaussian shows electron density in the regions of N—H and the imidazole ring regions
in a non-moving TFMBI molecule. Jmol software shows that as temperature decreases, the N—H
and imidazole ring stretch and compress more vigorously, lending credence to the Raman
spectroscopic data. But upon further analysis of the Jmol vibration simulation at 1052.5 cm-1, as
the N—H bond lengthens, the imidazole ring has limited movement. Instead, much more vigorous
compression is observed in the benzene ring. Thus, the Jmol data suggests that electron density
channelled out of the weakening N—H bond is mostly channelled into the strengthening bonds of
the benzene ring, differing from the Raman data showing that the density is channelled mostly into
the imidazole ring.
It should also be noted that the bonds of the imidazole ring have slight compression in Jmol
as well, albeit less than the benzene ring. These imidazole bonds, despite showing movement, lie
at nodal regions of the electron density lobes in the Gaussian model. Therefore, if electron density
is channeled into these bonds, these bonds should lengthen and become weaker since electrons are
added to it anti-bonding HOMO. The double bond between C and the non-H-bonded N is
unaffected according to Jmol, but the other bonds within the imidazole ring do lengthen, meaning
some of the electron density lost from N—H is channelled into the imidazole ring bonds.

Collectively, these results support the assertion that electron density channeled out of N—H bond
is channeled into adjacent bonds lying in the imidazole ring, as well as benzene ring bonds.
With a change in electron density within the molecule from one bond to another comes a
change in charge distribution as well. This charge distribution change causes individual TFMBI
molecule layers to become polarized and orient themselves in a way as to be antiparallel to one
another. Thus, each layer of TFMBI molecules is oriented in the opposite direction to the other.?
This arrangement altogether contributes to a spontaneous polarization of 0 for the entire TFMBI
crystal, giving the crystal its anti-ferroelectric properties.
Future Work and Implications
In future studies into this topic, the electron densities within TFMBI that relate to the
benzene ring not covered in this paper can be further analyzed with the techniques outlined. Other
molecules that exhibit similar anti-ferroelectric properties (such as certain other benzimidazoles)
and opposite ferroelectric properties (such as methyl benzimidazole, thiourea, croconic acid etc.)
can be analyzed more in depth as well.4 Other, more advanced techniques and programs for
electron density mapping that arise in the future can aid in improving the understanding of how
electron distribution is behaving in the samples. Examples of these kinds of techniques that already
exist are Time Resolved Raman Spectroscopy and Time Resolved Terahertz Spectroscopy. This
will tie changes in electron density and dielectric properties as a function of temperature.
The properties uncovered from this research can lead to the employment of new materials
with which to build semiconductors in various technologies (e.g. computers and smartphones), and
new capacitors for energy storage, thus improving their efficiency and sustainability.
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